Haploinsufficiency of SOX9, which encodes a homeodomain transcription factor, results in Campomelic dysplasia. Classical features of this disorder (e.g. skeletal dysplasia and 46,XY sex reversal) are in concordance with SOX9 expression profiles during human embryonic development. We report the robust expression of SOX9 throughout the pancreas during human embryogenesis, at levels of detection equivalent to the developing skeleton and testis. In the early foetal period, SOX9 expression declines and, in particular, is not apparent within the pancreatic islets. In keeping with this profile, examination of three cases with Campomelic dysplasia revealed abnormal pancreatic morphology. Epithelial cells were less densely packed within the mesenchymal stroma and islets less clearly formed with variable expression of hormone and b cell markers. Taken together, these data indicate a novel potential role for SOX9 in pancreas development during human embryogenesis and early foetal life. q
Results and discussion
The SRY-related homeobox (SOX) gene family encodes transcription factors that play pivotal roles during mammalian development. In humans, haploinsufficiency of SOX9 is associated with Campomelic dysplasia (CD, OMIM 114290) -a severe skeletal dysplasia with variable degrees of sex reversal in two-thirds of affected 46,XY individuals (Foster et al., 1994; Wagner et al., 1994) . This phenotype is in precise concordance with SOX9 expression during embryonic development of the testis and skeleton in vertebrates (Kent et al., 1996; Morais da Silva et al., 1996) , including humans (Hanley et al., 2000) . This study reports the novel expression of SOX9 throughout the developing human embryonic and early foetal pancreas and describes morphological abnormalities and immunohistochemistry from three severe cases of CD.
The human pancreas forms as ventral and dorsal buds either side of the embryonic duodenum. The dorsal bud is first visible at Carnegie Stage (CS) 12, which is 26 days post-conception (dpc) as an epithelial thickening of the posterior foregut tube (boxed in Fig. 1A ). At this stage, SOX9 expression was barely perceptible either in the developing vertebral body or pancreatic region. In contrast, 6 days later, expression was detected strongly within the pancreatic primordium with duodenal transcripts more weakly apparent (CS14/32 dpc; Fig. 1B ). The expression persisted as the ventral bud rotates to lie posterior to the duodenum (inset, Fig. 1B at CS15/33dpc). High levels of expression remained in the entire pancreatic primordium, including its major duct, at later embryonic stages (CS18/ 44 dpc and CS21/52 dpc; Fig. 1C, D) , where the detection of transcripts was comparable to the SOX9 expression observed within the developing skeletal system and testis. SOX9 also was detected readily within the ependymal layer of the developing neural tube (Fig. 1C, D ) and more weakly in the kidney (Fig. 1D) , where it is associated with more infrequent abnormalities in CD (Hanley et al., 2000; Houston et al., 1983) . Following embryogenesis, SOX9 transcripts were detected more weakly within the foetal pancreas at 10 weeks gestation (wg; Fig. 2A ). Islet formation is apparent by the start of the second trimester in humans (Falin, 1967) . At 14 wg and subsequent time-points, SOX9 expression was much reduced and, in particular, silver grains were barely visible over developing islets, implying down-regulation of pancreatic SOX9 transcription once endocrine differentiation had occurred (Fig. 2B and data not shown).
To investigate the potential significance of this novel pancreatic SOX9 expression, we analysed the pancreas from three individuals who died at term from the clinical sequel of severe CD. Variable features were expected given the diversity of 46,XY sexual phenotype in CD. In all three cases the pancreatic epithelial cells were more loosely packed within the mesenchymal stroma and, morphologically, islets were less distinctive than in control tissue (Fig.  3A , B-E). On examination of several transverse sections from the equivalent position of the dorsal pancreas, the four hormones -insulin, glucagon, somatostatin (SS), and pancreatic polypeptide (PP) -were variably detected ( Fig.  3B-E) . Islet diameter also appeared smaller in CD1 and CD3 with fewer cells expressing the b cell maturity markers, Proconvertase 1/3 (PC1/3; cleaves proinsulin to insulin) and islet amyloid pancreatic polypeptide (IAPP; co-secreted with insulin) (Figs. 3B, C, E and 4) .
Campomelic dysplasia has not been associated previously with pancreatic abnormalities. However, survival in severe cases (as described here) is rare following the early neonatal period. Taken together with the strong concordance between SOX9 expression profile and the phenotypic abnormalities of CD, these data suggest a hitherto unrecognised role for SOX9 in human pancreas development.
Materials and methods

Carnegie staging of human embryos and foetal staging
The collection and use of human embryonic and foetal material were carried out following ethical approval from the Southampton and South West Hampshire Joint Local Research Ethics Committee and Newcastle Health Authority. Human embryos and foetal material were collected, staged, and processed as described previously (Hanley et al., 1999 (Hanley et al., , 2000 .
In situ hybridisation and immunohistochemistry
The expressed sequence tag, GenBank Accession No. W95308 was used as cDNA template for SOX9 (Hanley et Fig. 1 . SOX9 expression in the developing human embryonic pancreas. Serial transverse sections showing haematoxylin and eosin (H and E) staining (left) and darkfield photomicrographs of in situ hybridisation with the SOX9 anti-sense probe (right). Nt, neural tube; ug, urogenital ridge; vb, vertebral body; l, liver; vp, ventral pancreas; dp, dorsal pancreas; d, duodenum; r, vertebral ramus; t, testis; s, stomach; asterisk, rib; k, kidney. Size bars represent 250 mm. al., 2000). The insert was re-sequenced within our laboratory and showed 100% homology with nucleotides 2488-3125 within the 3 0 UTR of the SOX9 gene (GenBank Accession No. Z46629). Therefore, the 638 base pair sequence avoids all conserved elements and lacks significant homology with SOX8 or SOX10. mRNA tissue in situ hybridisation was duplicated with riboprobes generated from alternative SOX9 cDNA templates and sense controls were included in all experiments as described previously (Hanley et al., 1999 (Hanley et al., , 2000 . For immunohistochemistry, optimal conditions were determined for each primary antibody. Biotin-labelled secondary antibodies, streptavidin horseradish peroxidase conjugate, and diaminobenzidine were used according to the manufacturer's instructions (Vector Laboratories, Burlingame, CA).
CD tissue
Pancreatic tissue was obtained at autopsy from three cases of CD and fixed as above. All three cases showed classical skeletal features of CD and died at term. Although, CD can arise from genomic disruptions potentially several 100 kb distant to the SOX9 locus (Pfeifer et al., 1999) , a frameshift deletion was identified in CD2 (1315-1319delAGTAC). 
